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The thermal behaviour of several commercial hydrogen tanks (Type III and Type IV) has
been studied during high pressure hydrogen cycling (filling from 2 e 3 MPa to 78 e 84 MPa,
holding under pressure and emptying back to 2 e 3 MPa). The temperature of the gas at
different points inside the tank, the temperature at the bosses and at the tanks outer
surface has been measured during several hydrogen cycles. From the experimental results,
the evolution of the measured gas temperatures during the complete cycling process has
been studied. The effect of the filling rate on the temperature increase of the gas during the
filling has been evaluated. The thermal response of the metallic bosses and the external
surface of the tanks under different cycling conditions have also been investigated. The
evolution of the external temperature has been correlated to the evolution of the gas
temperature. The influence of the manufacturing materials on the thermal behaviour of
the tank, the importance of the initial thermal state of the tank in the refuelling process
and the difficulty of filling a Type IV tank without pre-cooling in a reasonable amount of
time have been highlighted in the present work. The possibility of monitoring the external
temperatures of the tank to follow the evolution of the inside gas temperature during the
filling and emptying phases has also been considered.
Copyright © 2015, The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy
Publications, LLC. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
The need of reducing greenhouse gas emissions and the
dependence on non-renewable resources make the use of
alternative fuels in transportation compulsory. This idea is at
the basis of various governmental strategies and interna-
tional initiatives aiming at an increased use of alternative
fuels. An example of this is the Clean Power for Transport
communication recently issued by the European Commissionria@ec.europa.eu (N. de M
d by Elsevier Ltd on behalf of
/licenses/by-nc-nd/4.0/).in 2013 [1]. One of the key components of this strategy is the
availability of alternative fuel distribution and refuelling
infrastructure [2]. This is particularly important in the case of
hydrogen, whose infrastructure development lays back in
respect to other alternative fuels such as biofuels and natural
gas. To be able to reach the market and successfully compete
with the already available and optimised infrastructure for
conventional fuels, hydrogen refuelling stations must meet
many safety, operational, economical and users-comfort
related criteria. One of the critical issues where almost alliguel).
Hydrogen Energy Publications, LLC. This is an open access article under the
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 6 4 4 9e6 4 5 86450these aspects come together is the refuelling process itself; it
should take place as quickly as possible and should guar-
antee the full filling of the tank, respecting however its
operational limit in terms of maximum allowed temperature
and stresses. Compressed gaseous on-board storage is the
most mature and commonly adopted solution for road
transport by means of hydrogen [3]. This technology allows
guaranteeing an autonomy range comparable to that of a
conventional vehicle, with a refuelling of approximately
3 min.
Several brands of tanks for on-board compressed hydrogen
storage are available in the market, mostly consisting of an
internal liner and an external carbon fibre reinforced com-
posite. To be able to reach the required hydrogen densities,
these tanks are designed to work under a nominal working
pressure (NWP) of 70 MPa. Two types of liners are typically
used in these tanks: a metal liner in the so-called Type III
tanks and a high molecular weight polymer liner in the Type
IV tanks [4]. Each tank type has its specific mechanical and
thermal properties; for example the metal liner of Type III
tank is involved in the sharing of mechanical loads during
cycling and is more directly affected by fatigue phenomena.
For the purpose of this paper, the major difference between
the two liners lies in their considerably different thermal
properties.
In order to have an acceptable duration of refuelling,
comparable to that of conventional vehicles, a fast filling is
necessary [5]. During the fast filling process, the work deliv-
ered by the compressor on the gas to increase its pressure,
causes an increase of the gas temperature inside the tank.
When the warm gas of the filled tank cools down, exchanging
heat to the colder environment through the walls, the pres-
sure shows also a decrease and the finally “settled” pressure is
less than the pressure immediately after refuelling [6]. If the
final pressure (at 15 C) is less than the NWP of the tank the so-
called State of Charge, SOC (1) which relates the hydrogen
density at a given temperature and pressure with that at 15 C
and the NWP [7] will be less than the desired 100% and the
tank will result under-filled, jeopardising the autonomy range
of the vehicle. To compensate the mentioned effect, the final
target pressure should be higher than the NWP.
SOCð%Þ ¼ rH2ðP;TÞ
rH2ðNWP;15oCÞ
$100; (1)
The temperature rise is the major issue in the whole
refuelling process which has threemain constrains: the safety
temperature limit, themaximumfilling pressure and the state
of charge of the tank. For safety reasons related to the prop-
erties of the materials, regulations and standards for
hydrogen powered vehicles have established that in normal
conditions, hydrogen temperature inside the tank shall be
below þ85 C while the maximum filling pressure has been
established in 125% the NWP, a value which corresponds to
87.5 MPa for a 70 MPa NWP tank [7 e 10]. Under certain envi-
ronmental and design boundary conditions, it turns out that it
is not possible to reach full SOCwithout cooling the gas before
filling. The use of pre-cooled hydrogen is described and pre-
scribed in the only internationally recognised filling protocol
presently available, the SAE J2601 [7].Due to the importance of the refuelling, there are also
many studies in the literature about the evolution of the
hydrogen temperature within the tank during the fast filling
process. It has been demonstrated that several parameters
influence the gas temperature reached within the tank at the
end of the filling; parameters related to filling conditions and
parameters related to the properties of the tank. Regarding the
first group, lower maximum gas temperatures have been
reached within the tank; the higher the starting pressure
[11e13], the lower the final pressure [14], the lower the inlet
gas temperature [15], the lower the ambient temperature
[12,16] and the lower the flow rate [12 e 14]. Regarding the
properties of the tank, it has been agreed that Type III tank
leads to lower gas temperature than Type IV [17,18] and that
the smaller is the diameter of the nozzle or hydrogen
dispenser, lower maximum and more uniform gas tempera-
tures are reached inside the tank [19,20]. It has been also found
that the lower is the length to diameter ratio of a tank, the
lower are the gas temperatures inside the tank and the closer
to the end of the refuelling [20].
Although the behaviour of the hydrogen during the refu-
elling process is already quite clear, there are still some un-
certainties about the heat transfer of the inside gas with the
solid components of the tank during on-road service of on-
board hydrogen tanks (refuelling, holding under pressure
and defueling). On the other hand, in the current standards
and regulations for hydrogen powered vehicles [8]-[10] there is
still no specification for the location of temperature mea-
surement points in on-board tanks. For research purposes,
different configurations have been designed to measure the
temperature at different positions inside the tank [11,14].
These configurations, however, could turn out impractical for
a qualification of the design of a tank and for the temperature
control at the refuelling station. To this respect, the moni-
toring of the external temperatures of the tank (bosses and
outer surface) during the hydrogen cycling to estimate the
inside gas temperature, is also an open field of research.
The aims of this work have been: the comparison of the
thermal behaviour of three different commercial tanks (two
Type IV and one Type III) during their whole cycling process
(fast filling, holding and emptying) through the assessment of
all the operational parameters and the correlation between
the internal (gas) and external (surface and bosses) tempera-
tures at different cycling conditions.Experimental
Characteristics and instrumentation of the tanks
Three different 70 MPa nominal working pressure commercial
hydrogen storage tanks have been used in this study, two
Type IV, with 19 and 29 L capacity respectively, and one Type
III of 40 L. In Table 1, the characteristics of the tanks are given.
The physical properties (thermal conductivity and diffusivity,
heat capacity and density) of the different manufacturing
materials are important to understand the thermal behaviour
of the different tanks. The properties of the aluminium alloy
and the stainless steel are well known, while reference values
of the properties of the high density polyethylene and the
Table 1 e Characteristics of the tested Type IV and Type
III tanks.
Type
IV 19L
Type
IV 29L
Type
III 40L
Materials
Liner HDPE HDPE AA
End Bosses AA SS AA
Composite shell CFRE G&CFRE CFRE
Vessel Mass (Kg) 18.3 32.9 41.5
Storage Volume (L)
(at 70 MPa)
19 29 40
H2 capacity (Kg) (with fill
density of 40.22 kg/m3)
0.76 1.16 1.60
Unpressurized dimensions (mm)
External length 904 827 920
External diameter 228 279 329
Internal diameter 180 230 290
HDPE: High density polyethylene, CFRE: Carbon fibre-reinforced
Epoxy, G&CFRE: Glass and carbon fibre reinforced Epoxy, AA:
Aluminium Alloy, SS: Stainless Steel.
Fig. 1 e Temperature measurement instrumentation in the
tested tanks.
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literature [21]. In Table 2, a summary of reference values of the
physical properties of the manufacturing materials of the
tanks is given.
Similarly to what has already been done in our previously
published work [14], each tank has been instrumented with 8
thermocouples (TC), placed inside the tank and with several
resistance temperature detectors (RTD) for external surface
temperature measurement. The gas pressure was measured
by means of a pressure transducer, placed at the rear of the
tank. A 3 mm diameter hydrogen dispenser has been used to
enhance the mixing and reduce the peak temperature inside
the tank during the filling [19]. As depicted in Fig. 1, the TCs
(labelled from 1 to 8) measure the gas temperature at different
positions. One TC was inserted through the gas inlet opening
and the other seven mounted on a specially machined tree-
shape array introduced through the rear of the tank. Once
inside the tank, the thermocouple array is opened to bring the
individual thermocouples to specific positions for the mea-
surement of local gas temperatures. The RTDs (labelled TFront,
TRear, TTop and TBottom) were attached to the bosses and to the
outside surface of the tank to measure external temperatures.
In Table 3, the precise position of the thermocouples and the
RTDs, placed on each tank, are given as the distance from the
central axis and from the rear boss. More details of the
measuring instruments can be found in Ref. [14].Table 2 e Physical properties of the manufacturing
materials of the tested Type IV and Type III tanks.
HDPEa CFREa AAb SSb
Thermal conductivity,
k (W/m.K)
0.385 0.740 167 16.3
Heat capacity, Cp (J/kg.K) 1580 1120 900 500
Density, r (kg/m3) 945 1494 2700 8000
Thermal diffusivity (m2/s) 2.6.107 4.4.107 6.9.105 4.1.106
a Reference values from Monde et al. [14].
b Values taken from ASM Material Data Sheet.Hydrogen cycling tests
GasTeF facility
The tanks have been hydrogen cycled in the GasTeF facility of
the European Commission's Joint Research Centre [14,22].
Each tank is placed in a 380 L inner volume sleeve which is
maintained under a continuous flow of nitrogen (of 350 e
500 NmL/min). Thermocouples are placed in the sleeve and in
the gas distribution lines to monitor the environmental tem-
perature and the gas temperature in the supplying lines dur-
ing the test. GasTeF facility is fully automated and the tests are
supervised remotely from a control room. All the facility
operational data and the measurements from the instru-
mentation are automatically recorded by the control system.
The time interval for data logging is 0.6 s.
The filling of the tank is performed in two stages. The first
stage consists in a pressure equilibration between an external
hydrogen reservoir and the tank to be tested. The reservoir
has a capacity of 1800 L and is kept at a pressure of 20 e
25MPa.When the pressure of the tank is equilibratedwith the
one in the gas reservoir, the second filling stage starts; the
compressor pumps the gas, filling the tank to the required
final pressure and at the present mass flow rate. The combi-
nation of the two stages results generally in a non-linear
pressure rise profile. After a holding time at the target pres-
sure, the tank is emptied directly using the compressor.
The value of the mass flow rate given in this paper repre-
sents an average value calculated considering the total time
required for reaching the final mass. In the course of this work
it will be referred to as Average Mass Ramp Rate (AMRR), in
line with the terminology adopted in the field, and especially
in the SAE documents [7]. For the mass calculation, the
Redlich-Kwong equation of state for real gases, widely used in
chemical and petroleum industries and able to predict accu-
rately hydrogen properties in awide range of temperature and
pressures, has been used [23].
Tests and the controlled operating conditions
In Table 4, a summary of the number of cycles and the
experimental conditions used in the tested Type IV and Type
III tanks is shown. The Type IV 19L tank was sequentially
hydrogen cycled during a fatigue test campaign that lasted
about two months. For the purpose of this paper, 40 cycles
were selected from the mentioned sequence, all of them
starting from non-equilibrium conditions: this means that the
filling was starting immediately after the end of a previous
Table 3 e Position of the temperature measurement points; distances from the central axis of the tanks and from the
external surface of the rear boss.
Position of the TCs and RTDs (mm)
TC1 TC2 TC3 TC4 TC5 TC6 TC7 TC8 TTop TBottom
Type IV 19L 87 43 88 42 90 0 0 0 e e
340 305 345 300 255 308 843 65
Type IV 29L 110 55 107 55 115 0 0 0 e 140
240 225 245 225 160 248 767 65 455
Type III 40L 95 65 95 67 145 0 0 0 165 165
555 527 550 533 292 560 855 65 460 460
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peratures). The hydrogen cycles consisted in a filling phase
from about 3 to 84 MPa with duration ranging from 5 to 8 min,
followed by a 16 min holding at high pressure and a slow
emptying of the tank to 3 MPa in 35± 3 min. In the Type IV 29L
tank several sequential hydrogen cycles were performed; the
tank was filled from about 2 to 78 MPa in about 4 min, then it
was kept under pressure during 2 e3 min and finally was
slowly emptied back to 2 MPa in 50± 3 min. Ten of these
performed cycles, starting also from non-equilibrium condi-
tions have been selected for this work. In a similar way 10
cycles from a sequence of cycles on the Type III 40 L tank have
been analysed. The cycling parameters were the same as forTable 4e Summary of the number of cycles, experimental
conditions and the range (minimum and maximum
values) of results obtained in the tested Type IV and Type
III tanks.
Type IV 19 L Type IV 29L Type III 40 L
Number of cycles 40 10 10
Ambient T (C) 25 e 30 16 e 21 17 e 20
Filling gas T (C) 27 e 32 22 e 25 23 e 26
P (MPa)
Low P 3.0 e 3.4 1.9 e 2.0 1.9 e 2.0
High P 83.7 e 84.6 77.0 e 78.2 77.9 e 79.1
P after holding 73.9 e 79.5 73.0 e 73.8 75.1 e 76.8
Time (min)
Filling time 4.8 e 8.1 4.2 e 4.3 2.6 e 9.7
Holding time 15.3 e 17.7 2.0 e 3.0 2.0 e 3.0
Emptying time 31.6 e 37.8 47.4 e 51.5 33.6 e 51.5
TAv (C)
End emptying 8.2 e 5.5 12.5 e 0.2 1.3 e 4.0
End filling 70.7 e 85.5 83.4 e 91.0 64.0 e 81.2
End holding 49.1 e 58.2 65.5 e 74.7 57.1 e 66.5
DTC (C)
End emptying 23.4 e 30.3 24.4 e 27.7 8.3 e 14.4
End filling 0.1 e 3.2 0.5 e 1.7 0.6 e 2.8
End holding 4.7 e 7.8 14.4 e 15.9 3.8 e 6.1
DTAv (C)
Filling 78.9 e 87.4 90.8 e 95.8 64.5 e 77.1
Holding 32.4 e 21.1 18.3 e 13.9 14.7 e 6.0
Emptying 58.3 e 53.1 79.7 e 72.6 64.0 e 46.1
AMRR (g/s)
Filling 1.4 e 2.3 3.8 e 4.0 2.5 e 9.2
Emptying 0.33 e 0.38 0.32 e 0.35 0.46 e 0.72
SOC (%)
Empty 6.8 e 7.1 4.3 e 4.5 4.2 e 4.3
Full 97.3 e 100.1 91.0 e 92.4 93.6 e 96.9the Type IV 29L tank with the exception of the filling and
emptying times, which were changed parametrically. The
filling time ranged from 3 to 10 min while the emptying time
ranged from34 to 52min. The following parameters have been
calculated for the mentioned cycles:
1. The tank-averaged gas temperature TAv defined as the
average of 5 temperatures measured from top to bottom in
the tank, TC3, TC4, TC6, TC2 and TC1. The value can be
considered a mass-averaged temperature. The values of
TC7 and TC8 are not used for the average and will not be
further shown and discussed because they are strongly
influenced by the vicinity of the bosses and cannot be
considered representative of the local gas temperature.
2. The difference between the maximum and minimum gas
temperature measured by the TCs (TC1 to TC6) inside the
tank at each phase; e.g. at the end of the emptying phase:
DTC ¼ TCMax (end of emptying) - TCMin (end of emptying).
3. The increase (or decrease) of the average temperature in
each phase; e.g. during the filling phase: DTAv ¼ TAv (end of
filling) - TAv (start of filling)¼ TF Av - T0 Av. While TAv (end of
filling) is often used as a major safety and operative
parameter, for the purpose of this study, DTAv has been
considered as a more useful indicator.
4. The State of Charge (equation (1)) of the empty and full
tanks was also calculated for each performed cycle.Results and discussion
Evolution of gas temperature inside the tank
Fig. 2 shows the time dependence of pressure and gas tem-
perature at different internal positions of the three tested
tanks during a hydrogen cycle of similar duration, with a
filling time of 4 e5 min and analogous emptying plus pressure
holding time (summing up from 50 to 55 min). The tempera-
ture evolution consisted in general of a rapid increase during
the filling phase, followed by a decrease during the pressure
holding and emptying phases. It must be noticed that the
initial gas temperature inside the tank was not homogeneous
(the 1 to 6 positions showed different temperature during the
very first seconds before filling started) and showed an
average value lower than the environmental temperature.
This is due to the fact that during continuous cycling the new
filling phase started just after the end of the previous
decompression.
Fig. 2 e Pressure and gas temperature evolution in three
tanks, during a hydrogen cycle made of a filling, a pressure
holding and an emptying phase; (a) Type IV 19 L, (b) Type
IV 29 L and (c) Type III 40 L tanks.
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different initial values, all the 1 to 6 positions reached the
same temperature value almost immediately after the filling
started and during the whole filling duration. This can be
explained on one side by the forced convection induced by thegas injection with a small diameter nozzle [19], and on the
other side by the small volume of the tanks tested. At the end
of the filling phase, higher temperatures were reached in the
two Type IV tanks than in the Type III tank.
During the high pressure holding phase (at best visible in
Fig. 2a), the cooling of the gas inside the tank produced a
pressure decrease. In the absence of turbulence induced by
the gas inlet, the only transport active in this phase was the
buoyancy; the warmer and the less dense gas moves to a
higher positionwhile the heavier flows to the lower part of the
tank. The result was a vertical gas temperature gradient (a so-
called stratification) explaining the relationship observed be-
tween the temperatures measured at different positions:
TC5 > TC3 > TC4 > TC6 > TC2 > TC1.
The expansion of the gas produced a cooling of the
hydrogen inside the tank during the emptying. The buoyancy
effect was also visible in this phase, especially in Type IV
tanks, which caused more pronounced temperature stratifi-
cation with a bigger temperature gradient between the gas in
the very upper layers (TC5&TC1) and in the rest of the tank. At
the end of the emptying phase, an increase of gas temperature
happenedwithin the tank. This behaviour can be explained by
a decrease of the depressurization rate and the reverse heat
flow (from the warmer surroundings to the small gas mass in
the almost empty tank) in the last stage of the emptying.
In Table 4, a summary of the range of results (minimum
and maximum values) obtained in the tested Type IV and
Type III tank are shown. As it can be seen in the table, the
average gas temperature jump from one stage to another,
DTAv, was much higher in Type IV tanks than in the Type III
tank. Consequently, the maximum and minimum average
temperatures, TAv, were reached in Type IV tanks. The vertical
gas temperature gradient observed at the end of the holding
and emptying phases, was also much higher in Type IV than
in the Type III tank. In the Type III tank, where decompression
experiments with different emptying rates were performed,
the gas temperature gradient at the end of the emptying was
higher when the emptying was faster. Through these obser-
vations it can be concluded that the heat transfer of the
hydrogen with the solid components of the tank plays an
important role in the whole cycling process. As it can be also
observed in the table, for similar testing conditions, due to the
lower warming of the gas during the filling, the SOC at the end
of the filling was higher in the Type III than in Type IV tank.
The highest SOC observed in the Type IV 19 L tank is related to
the higher end filling pressure (comparing to the other tanks).
Effect of the mass flow rate during filling
Fig. 3 shows the dependence of the gas average temperature
increase during filling, DTAv, on themass filling rate. The Type
III tank was tested in a range of between 2.5 g/s and 9.5 g/s,
while Type IV tanks in a range of between 1.5 g/s and 4 g/s
only. Despite this difference in themass flow rate ranges used,
it appears evident that Type IV tanks are characterised by a
stronger dependence of the temperature increase on themass
filling rate than the Type III. The difference in thermal diffu-
sivity between the high density polyethylene and the
aluminium alloy of the liners (the first one being two orders of
magnitude smaller than the second one) gives explanation to
this behaviour. An exponential dependence of the
Fig. 3 e Effect of the average filling mass flow rate AMRR on the increase of the average gas temperature DTAv for Type IV
19 L, Type IV 29 L and Type III 40 L tanks. In the small insert top right, the dependence of DTAv on the tank initial
temperature is shown (the lines are a guide for the eye).
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[12], and that this dependence is stronger in Type IV than in
Type III tanks [17] are observations that have been also already
reported.
As it can be observed in Table 4, on Type IV tanks the safety
temperature limit of 85 C is surpassed when the fillings are
performed in less than 5 min. Filling performed with pre-
cooled hydrogen would decrease the final temperature in-
side the tanks, lowering the need to increase the final target
pressure to increase the SOC [24].
Effect of initial temperature of the tank at the beginning of the
filling
In the case of Type IV tanks, the data in Fig. 3 show a
considerable scattering for the same mass filling rate values.
This dispersion of data has been found to be dependent on
the starting average temperature of the gas inside the tank,
T0 Av. The graph in the upper right corner of Fig. 3 depicts
DTAv data as function of T0 Av for fillings performed at con-
stant mass flow rates (2.0 g/s for the Type IV 19L tank and
3.9 g/s for the Type IV 29L tank). Under these conditions, it
appears that the higher the starting temperature, the lower
the increase of the gas temperature. The increase in tem-
perature during filling, DTAv should not be confused with the
maximum temperature reached. In this case, the tempera-
ture increase was lower the higher was the initial tempera-
ture; however, the maximum temperature reached by the gas
at the end of the filling phase was still higher. This behaviour
has been corroborated by additional experimental data not
shown here and confirmed by computational fluid-dynamics
modelling [25]. A study is ongoing to understand the reason
of this behaviour.Evolution of the external temperatures
Fig. 4 shows the evolution of the internal and external tem-
peratures during a hydrogen cycle for each of the three tested
tanks: (a) Type IV 19L, (b) Type IV 29L and (c) Type III 40L. The
graphs at the left hand side of Fig. 4 compare the external
surface temperatures (see Table 3 for positions) with the
average gas temperature inside the tank (Tav) for a whole
filling e emptying cycle. The shown cycles have similar filling
time (4 e5 min) and similar emptying plus holding time (50
e55 min). On the right hand side, the graphs display the first
5 min of the cycle, corresponding to the filling phase only. In
the following paragraph we focus on the evolution of the
temperature on the external surface of the tank, while para-
graphs 3.2.2 and 3.2.3 are dedicated to the thermal behaviour
of the bosses.
Thermal response of the surface of the tank
The different thermal diffusivity and mass of the compo-
nents of the two types of tanks trigger clear differences in the
evolution of the temperature of the external surface of the
tank. In the cycles shown in Fig. 4, TBottom reached its
maximal value earlier in the Type III than in the Type IV tank.
Moreover, the maximum TBottom of the Type III tank was
much closer to the maximum average gas temperature than
in the Type IV tank. Although in the Type IV tank, the mass of
the liner represent just a 6% of the total mass of the tank (in
comparison to the 31% of the mass corresponding to the liner
in the Type III tank) and although the mass of the composite
layer is similar in both tanks, the much lower thermal
diffusivity of the plastic liner is the responsible of the
observed behaviour.
Fig. 4 e Evolution of the external temperatures (TFront, TRear, TTop and TBottom) and the average internal gas temperature
during a hydrogen cycle of (a) Type IV 19 L, (b) Type IV 29 L and (c) Type III 40 L tanks. The graphs on the right hand side
show a detail of the first 5 min of the full cycle given on the left.
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tank along the whole filling e emptying cycle, the two tem-
peratures showed an almost constant difference, except in the
last part of the filling phase, when their difference reduced.This can be explained considering the internal gas tempera-
ture. At the beginning of the filling phase, the difference be-
tween TTop and TBottom was derived from the vertical
stratification of the gas temperatures occurring during the
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 6 4 4 9e6 4 5 86456previous emptying phase. As seen above in Section Evolution
of gas temperature inside the tank , during filling, the internal
temperature was well homogenized. Consequently, with a
certain delay, also the external surface temperatures tended
to converge. During the slower emptying phase, the internal
stratification (or vertical temperature gradient) caused the
external temperatures to diverge again. It can be thus
concluded that the outer surface of the tanks follow (with a
certain delay) the inside gas temperature during the hydrogen
cycling. The monitoring of the temperatures at the outer
surface can give an idea of the stratification and the thermal
exchange of the gas with the tank during hydrogen cycling
(especially during the slow emptying of the tanks).
Thermal response of the bosses
The materials of the bosses differ significantly in the different
tanks studied. In Type IV 19L and in Type III 40 L tanks, the
bosses aremade of aluminium alloy while in Type IV 29L tank,
bosses aremade of stainless steel. Their different thermal and
physical properties are reflected in the evolution of their
temperature during the hydrogen cycling. Comparing the
evolution of the temperature measured on the front boss
TFront during the hydrogen cycles displayed in Fig. 4, it can be
seen that the aluminium alloy bosses showed a faster
response than the stainless steel one. TFront reached its
maximum approximately 4 min after the gas reached its
maximum temperature in the case of the aluminium alloy
bosses, while the delay was of more than 8 min for the
stainless steel boss. Moreover, the maximum temperatures
reached by the aluminium alloy bosses were closer to that of
the gas than in the case of the stainless steel boss: the dif-
ference was in the later case approximately 35 C while in the
former cases was approximately 22 C. This behaviour is on
the one hand side due to the higher thermal diffusivity of the
aluminium alloy (comparing to the stainless steel) but also
due to the higher mass of the bosses on the Type IV 29 L tank.
An external tank surface e boss comparison shows also that
the bosses responded much faster to the inside gas tempera-
ture than the surface of the tank. It is, therefore, worth to
investigate if a simple relationship exists between TAv andFig. 5 e Correlation between tank average gas temperature TAv a
rear bosses TRear during the filling phase. Each plot represents on
Type IV tanks are given on the left y-axis while those of TypeTFront (or Trear) during filling. This is the focus of the following
paragraph.
Monitoring the temperature of the bosses during fast filling
In Fig. 5, the average gas temperature has been plotted as
function of TFront (Fig. 5a) and TRear (Fig. 5b) for different tanks
and for different mass flow rates. Each plot shows a rapidly
changing first part (corresponding to the first period of the
filling where the gas temperature is increasing but that is not
reflected on the temperature of the bosses), followed by a
second part which progressively has a tendency to a linear
behaviour (the increase of the bosses external temperature is
linearly related to the increase of the gas temperature). The
linear part of each plot has been identified by a linear
regression (Rz 0.997) and has been marked as a thicker line.
In this data representation, the case of the Type IV 29L tank
with stainless steel bosses stands out clearly as an outliner. In
the case of the Type IV 19L tank with aluminium alloy bosses,
the front boss had a faster response than the rear one, how-
ever, the last increased more linearly with the inside gas
temperature. The reason of these observations can be on the
gas inlet flow that influences the heat transfer between the
gas and the front boss. The same trend was visible in the Type
III tank, but to a less extent. In the case of the Type III tank, it
can be observed that a higher mass flow rate caused higher
final gas temperature but lower temperatures in the bosses,
increasing the slope of the plotted lines. This effect was more
pronounced in the rear boss. This behaviour results from the
lower heat transfer of the gas with the bosses the higher the
filling rate. Despite the fact that an empirical formula or
tabulated values could be used especially for aluminium-
based bosses in the present cases, a general approach would
face too many parameters, including the design of the boss in
terms of mass and thicknesses.
Thermal exchange of the gas with the walls during emptying
Two phenomena play a role in the thermal condition of the
tank during emptying: the gas expansion, which produces a
cooling of the gas, and the heat exchange between the hot
environment and the cold gas through the walls of the tank.nd the temperature of (a) the front bosses TFront and (b) the
e experiment with onemass flow rate. Gas temperatures of
III tank are plotted on the right y axis.
Fig. 6 e Difference between the measured outer surface temperatures (TTop and TBottom) and the average gas temperature
(TAv) at the end of the emptying phase for different emptying rates. The lines are only a help for the eyes.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 6 4 4 9e6 4 5 8 6457In Fig. 6, the difference between the temperature of the gas
and the one measured at the outer surface of the Type III
tank at the end of the emptying have been plotted as func-
tion of the emptying mass flow rate. This difference becomes
smaller with the decrease of the emptying rate. The slower
the emptying was, the closer the outer surface temperatures
to the gas temperature got, suggesting that the tank tends to
the thermal equilibrium with the inside gas.Conclusions
The thermal behaviour of hydrogen tanks of Type III and IV
has been studied under on-road service conditions. Particular
attention has been dedicated to temperature measurement of
the gas inside the tank and of the external surface of the tank
at different positions. Their time-dependent behaviour has
been analysed and compared. All tests have been performed
without hydrogen pre-cooling.
During hydrogen filling phase, the temperature distribu-
tion of the gas inside the tank was almost uniform in all tanks
investigated. The temperature increase in Type IV tanks was
higher than in Type III and this difference grew with the mass
flow rate used for the filling. In the Type III tank, more than
twice faster fillings have been possible without reaching the
allowable maximum temperature limit of 85 C. The higher
the initial temperature of the gas inside the tank was, the
lower the rise of the gas temperature was. During the high
pressure holding and the emptying phases, a vertical tem-
perature gradient developed in the gas inside the tank. This
effect was higher in Type IV tanks, where the steepest
gradient occurred in the upper third of the tank. The faster the
emptying was the higher the stratification of the gas tem-
perature became.The external temperatures followed the internal thermal
evolution with a time delay which depended on the mea-
surement position, the tank type and the materials, as well as
on the mass flow rate used during filling and emptying. The
metallic bosses had a much faster response than the outer
surface of the tanks which could suggest the investigation of a
method to follow the evolution of the internal gas tempera-
ture during a filling by monitoring the temperature of the
bosses. To this respect, an aluminium alloy boss has been
observed to be preferred to a stainless steel one since the
higher thermal diffusivity of the former material results in a
faster response to the inlet gas temperature than the later one.
As expected, the difference between the inside gas tempera-
ture and the external surface of the tank was bigger in Type IV
tanks than in the Type III tank and local external tempera-
tures (top and bottom surface of the tanks) reacted to the local
internal temperature distribution. At slow emptying rate, the
temperature of the external surface of the tank has been
found to get close to the average gas temperature towards the
end of the emptying phase.
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